Experimental investigations and simulations of synchronization phenomena of individual longitudinal optical modes of unidirectionally light injection coupled semiconductor lasers are presented and compared with the (anti-)synchronization of the corresponding full intensity fluctuations.
Introduction
In the last 20 years external cavity semiconductor lasers (ECSLs) have been the subject of extensive research due to their importance for technical applications like optical fiber communications. One of the most detailed investigated dynamical phenomenon occurring in ECSLs are low frequency fluctuations (LFFs) [Fischer et al., 1996; Fischer et al., 1998 ]. The intensity of the laser oscillates at a very high frequency (5-10 GHz) with an envelope that shows relatively slow irregular fluctuations (about 10 MHz) which can easily be observed. These slow fluctuations can either be power drop-outs or power jump-ups [Pan et al., 1997] . Numerical simulations based on a deterministic model [Ahlers et al., 1998 ] indicate that LFF dynamics is governed by a very high-dimensional chaotic attractor and is thus very difficult to distinguish from a stochastic signal, a feature that renders LFFs interesting candidates for optical encryption systems [Liu et al., 2002; Mirasso et al., 2002] .
For high pump currents and high reflectivity of the mirror of the external cavity power jumpups occur that have first been reported by Pan et al. [1997] . Spencer and Shore [1997] presented numerical simulations of power jump-ups using an iterative approach based on a traveling-wave description.
Synchronization of low frequency power dropouts has been shown first numerically in [Ahlers et al., 1998 ] simulating a pair of unidirectionally injection coupled semiconductor lasers. Soon after, this successful simulation synchronization was also demonstrated experimentally by Takiguchi et al. [1999] and Sivaprakasam and Shore [1999; Sivaprakasam et al., 2000] . In addition to the synchronization it is possible to anti-synchronize the power drop-outs as reported in [Wedekind & Parlitz, 2001; Sivaprakasam et al., 2001] and also the power jump-ups [Wedekind & Parlitz, 2002] . Detailed investigations of the parameterspace reveal a repetitive stripe structure of directly attached regions of synchronization and antisynchronization [Wedekind & Parlitz, 2002] as shown in Fig. 1. 
Experimental Observations
In order to investigate these synchronization phenomena and the resulting stripe structure in more detail we have analyzed the light power spectrum of both lasers using a monochromator and the setup shown in Fig. 2 The drive laser consists of the semiconductor laser diode LD1 with an external cavity of about 35 cm length given by the mirror M1. Part of the drive laser light travels through the beam-splitters BS1 and BS2 to the avalanche photo diode APD1. The other part of the drive laser light separated by BS2 travels through the optical diode (Faraday isolator), BS3, and BS4 to the response laser providing an unidirectional optical coupling. The second part of the drive laser light separated by beam-splitter BS1 is pointed to the input slit of the monochromator, a few millimeters above beam-splitter BS4. The light of the response laser LD2 is split into two parts by beam-splitter BS4. One part is monitored by APD2, the other part is also pointed to the input slit of the monochromator, slightly below the drive laser beam.
The light of both lasers is optically filtered by the grating of the monochromator and projected to the output slit. The filtered laser light of the drive and response laser is monitored by APD3 and APD4, respectively, after having been separated by mirror M2. Thus, APD1 measures the full laser light intensity of the drive laser and APD3 the optically filtered drive laser light. Correspondingly, APD2 measures the laser light directly from the response laser and APD4 the optically filtered response laser light.
To obtain the optical mode spectrum the wavelength λ of the monochromator was changed in steps of 0.02 nm from 679.8 nm to 681.8 nm for the power drop-out dynamics and from 680 nm to 683 nm for the power jump-up dynamics. Since the APD detectors are AC coupled, only fluctuating mode intensities could be detected. Using this setup we recorded the peak-to-peak amplitude of the signals from APD3 and APD4 for each parameter combination (T 1 , λ). Additionally, the crosscorrelation coefficient with the highest amplitude between the APD3 and APD4 signal was calculated and recorded. This procedure was repeated for a range of different drive laser temperatures. The cross-correlation coefficient with the highest amplitude of the detectors APD1 and APD2 was recorded for each temperature value T 1 to determine the synchronization regime, in which the lasers reside.
First we shall consider the case of power dropout dynamics in the drive laser. In Fig. 3 investigate in which synchronization regime the lasers are for each specific drive laser temperature T 1 , the correlation of the signals from APD1 and APD2 is drawn as color coded bar above this plot. This bar is essentially a section of Fig. 1 (a) for a constant diode current I 1 . Figure 3 (b) shows the mode spectrum of the response laser. Due to the measurement process (AC coupling), only fluctuating mode intensities can be seen here. It is clearly visible that in every synchronization regime (red color in the bar above the spectrogram 3(a)) the modes of the drive laser are present in the response laser, too. In the synchronization regimes the wavelengths of the active modes of the response laser are equal to those of the drive laser. This explains the separated stripe structure shown in Fig. 1 : from one stripe to the other the drive laser was detuned far enough by heating or cooling to match nearly the same mode spectrum to synchronize with the response laser.
In Fig. 3 (c) the correlation of the optically filtered laser signals is color coded. Green means no correlation, red means high positive correlation. So, all fluctuating modes in the response laser are synchronized with the corresponding mode in the drive laser. In the anti-synchronized regime we were not able to detect any significant correlation between mode intensities of drive and response, because (possible) fluctuations of the mode intensities of the response laser were too small to be resolved by APD4. These obsvervations may be interpreted as follows. From the large number of active modes of the free running response laser (operating in cw) only a few remain active in the synchronization regime and possess a relatively large amplitude that can clearly be detected. With anti-synchronization, however, there seems to be no such selection of few dominant modes and the available energy is distributed over many modes resulting in poor signal-to-noise ratios for the individual modes. Only their superposition measured by APD2 shows the observed anti-synchronization (indicated in blue in the horizontal bar and in Fig. 1 ).
In the case where the drive laser shows power jump-up dynamics we observed the opposite situation. In this regime, mode synchronization could only be found when the response laser is antisynchronized (i.e. shows drop-outs) as shown in Fig. 4 and we were not able to detect it for synchronization (i.e. jump-ups of the response intensity). Figure 5 shows time series of the full intensities of drive (APD1) and response (APD2) as well as for modes from drive (APD3) and response (APD4) are synchronized.
Numerical Simulations

Driving drop-out dynamics
First we consider the case where the drive laser operates in the power drop-out LFF regime. The dynamics of the optical modes E m andÊ m of drive and response, respectively, is given by an extended Lang-Kobayashi model [Sukow et al., 1999] :
with a gain function given by where ∆ω g denotes the spectral width of the active modes. E (m) andÊ (m) denote the complex electrical fields of the mth optical mode of the drive and response laser, respectively, and N andN are the corresponding carrier numbers. In this model it is assumed that each mode E (m) of the driving laser couples directly to its corresponding modeÊ dynamics. In both cases (anti-)synchronization of the full intensities coincides with (anti-)synchronization of mode intensities.
Driving jump-up dynamics
Since the standard Lang-Kobayashi model is not able to produce power jump-up dynamics we devised an extended Lang-Kobayashi model (2) taking into account multiple reflections in the external cavity as illustrated in Fig. 8 . The crucial point is to distinguish the internal electrical field E(t) of the semiconductor laser from the (external) field A(t) in the resonator which is observed experimentally. The dynamical equations in this case reaḋ
with the resonator field A given by a superposition of (infinitely many) multiple reflections in the external cavity
where r 2 and r 3 denote the reflectivity of the left and right laser facette, respectively. Figure 9 shows an example of single mode dynamics (m = 0) where the experimentally observed resonator field A(t) exhibits power jump-ups, although the internal field E(t) is governed by LFF drop-out dynamics. The dynamical equations of the response laser arė Figure 10 shows an example of synchronized dynamics of the drive and the response laser. The first and second columns show the internal field E and the resonator field A of the drive laser, respectively. The electric fieldÊ of the response laser is given in the third column. The diagrams in the first row show the full intensities of both lasers and in row two to four modal intensities for m = −1, 0, 1 are plotted. As can be seen synchronized dynamics in terms of coinciding intensity peaks of the resonator field A and the response fieldÊ occurs also on the modal level. The full intensity of the internal field E of the drive laser exhibits power drop-outs and may thus be considered as anti-synchronized with respect to the response laser. However, individual modes of the internal field show jump-ups and drop-outs that are very similar (synchronized) to those of the resonator field and the response laser field.
In the same way Fig. 11 shows dynamics for the case of anti-synchronization of the full intensities of the resonator field A and the response fieldÊ. The drive dynamics (shown in rows one and two) is the same as in Fig. 10 but due to different coupling the full intensity of the response laser is antisynchronized and exhibits power drop-outs now. The modes, however, are mutually synchronized, similar to the experimental observation presented in Fig. 5 (compare m = −1 in column 2 and m = 1 in column 4 with the APD3 and APD4 in Fig. 5 ).
Conclusion
In conclusion, we analyzed synchronization of individual optical modes of uni-directionally injection coupled semiconductor lasers. Synchronization of optical modes has been experimentally observed for two cases: (i) drive and response laser exhibit power drop-outs and (ii) the drive laser shows jumpups and the response laser shows drop-outs. In regimes where the response laser exhibits jump-up dynamics no mode (anti-)synchronization has been observed experimentally. Numerical simulations for these cases show (anti-)synchronization of modes but on smaller intensity levels that we could not resolve experimentally due to poor signal-to-noise ratios. Simulations with driving drop-out dynamics are based on a multimode Lang-Kobayashi model. To generate driving jump-up dynamics we extended this model by taking into account multiple reflections in the external cavity. Now two electric fields are relevant for describing the drive laser: its internal field E and its resonator field A. The resonator field A shows the experimentally observed power jump-ups while at the same time the internal field E is governed by drop-out dynamics. Therefore, this model suggests that jump-ups are mainly a result of some specific superposition of reflected electrical fields in the external resonator. When looking for synchronization and antisynchronization one has to distinguish features of the full intensities and the amplitude dynamics of individual optical modes. For the full intensities both, synchronization and anti-synchronization, have been observed experimentally and in numerical simulations. Experimental investigations of individual optical modes revealed synchronization for driving drop-outs and anti-synchronization for driving jump-ups. The opposite cases were not observed experimentally (probably due to low signal-to-noise ratios) but occurred with numerical simulations. As interesting feature experiments (Fig. 5 ) as well as simulations (Fig. 11) exhibit cases where the full intensities are anti-synchronized but mode intensities show synchronous behavior.
